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ABSTRACT 18 
The present paper provides an overview of results obtained in the course of recent studies 19 
dealing with abiotic degradation of algal lipids in the marine realm. In the first part, the 20 
photooxidation of the main lipid components (chlorophyll phytyl chain, carotenoids, 5-21 
sterols, unsaturated fatty acids, alkenones and unsaturated alkenes) in senescent 22 
phytoplanktonic cells is examined. Type II photosensitized oxidation processes (i.e. involving 23 
singlet oxygen) play a key role in the photooxidation of these compounds. The second part of 24 
the paper describes free radical oxidation of the main lipids in senescent phytoplanktonic 25 
cells. These processes, which are believed to be induced by homolytic cleavage of 26 
photochemically produced hydroperoxides, involve the direct reaction of molecular oxygen in 27 
its triplet ground state with organic compounds under relatively mild conditions. Particular 28 
attention is given to the characterisation of pathway-specific tracers of the individual abiotic 29 
reactions described. Some of these compounds appear to have the potential to provide 30 
qualitative or semi-quantitative information about photooxidation, autoxidation, or the total 31 
abiotic degradation state of individual or groups of organisms. On the other hand, some other 32 
primary oxidation products are likely too susceptible to further degradation to permit reliable 33 
quantitative estimates, but can, nonetheless, provide qualitative indication of photooxidation 34 
and autoxidation.  35 
 36 
Keywords: Photooxidation; Singlet oxygen; Free radical oxidation; Autoxidation; Lipids; 37 
Phytoplanktonic cells; Senescence; Tracers. 38 
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1. Introduction 40 
In order to place current trends in climate change within a context of natural variability, 41 
and to better understand how Earth’s climate has changed over geological time more 42 
generally, it is essential to reconstruct all components of the palaeoenvironmental system 43 
using a range of proxies that reflect different marine, lacustrine, terrestrial and atmospheric 44 
settings. Within the marine realm, lipid biomarkers preserved in bottom sediments are 45 
particularly useful for this purpose, since they represent a suitable characteristic signature of 46 
sympagic (i.e. associated with sea ice) and pelagic (open water) productivity (e.g., Wakeham 47 
et al., 1997; Volkman et al., 1998; Bianchi and Canuel, 2011). However, the use of lipid-48 
based approaches requires careful consideration of biomarker alteration and/or preservation 49 
during their transport from the euphotic zone to the bottom sediments. It is thus critical to 50 
understand how biotic and abiotic processes may alter the environmental signal encoded by 51 
the biomarker proxy. 52 
The majority of studies into the degradation of phytoplanktonic organic matter to date 53 
have focused on biotic degradation processes (bacterial degradation, zooplanktonic grazing, 54 
macrofaunal degradation) (e.g., Afi et al., 1996; Sun et al., 1999; Mäkinen et al., 2017). In 55 
contrast, the role played by photochemical and free radical-mediated processes in the 56 
degradation of lipid components during the senescence of phototrophic organisms has only 57 
recently been investigated (Rontani et al., 2007a, 2011, 2014a,c,d; Christodoulou et al., 2010; 58 
Amiraux et al., 2016). The purpose of the present paper is to provide an overview of the 59 
reactions involved in such abiotic degradation processes, along with the identification of 60 
suitable chemical tracers (where possible) and likely limitations that have been identified 61 
during the course of these studies. Further and more detailed information can be found in the 62 
cited literature throughout. 63 
 64 
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2. Importance of lipid tracers and their oxidation products in geochemistry 65 
Proteins, carbohydrates and lipids contribute ca. 40–60%, 17–40% and 16–26%, 66 
respectively, of the organic content of phytoplankton (Jónasdóttir, 2019). The different 67 
phytoplankton phyla contain variable proportions of various lipid types: hydrocarbons, 68 
pigments, sterols, free fatty acids, triacylglycerols, phospholipids and galactolipids. The major 69 
lipid class in all the phyla are polar lipids (including phospholipids and galactolipids), 70 
accounting for 40–95% of total lipids (Jónasdóttir, 2019). Due to their relative stability and 71 
specificity, lipids may constitute very useful tracers of the origin of organic matter (OM). 72 
Indeed, despite the generic nature of some lipid classes (e.g., saturated fatty acids, cholesterol, 73 
chlorophyll), others are more specific. For example, long-chain alkenones, highly branched 74 
isoprenoid (HBI) alkenes or 24-methylenecholesterol, dinosterol, long-chain alkanediols, di- 75 
and triterpenoids, may be used as tracers of haptophytes, diatoms, dinoflagellates, 76 
eustigmatophytes and vascular plants, respectively (see Volkman et al., 1998 for a review).  77 
Moreover, identification and measurement of certain products resulting from abiotic 78 
oxidation of unsaturated lipids appears to be a useful method for discerning individual 79 
degradation processes such as photooxidation or autoxidation in senescent phytoplanktonic 80 
cells (Rontani et al., 1998; Christodoulou et al., 2010; Amiraux et al., 2016). These 81 
compounds may also provide some information on the source of the particulate or 82 
sedimentary OM that is subject to different degradation processes (Rontani et al., 2012, 83 
2014d, 2017). To permit quantitative estimates of abiotic lipid degradation, oxidation 84 
products should ideally be sufficiently specific to the process involved (auto- or 85 
photooxidation), and stable (or degraded at similar rates compared to their parent lipid) under 86 
natural conditions. These criteria appear to be satisfied for the oxidation products of the 87 
chlorophyll phytyl side-chain, 5-sterols and monounsaturated fatty acids, whose analysis has 88 
led to quantitative estimates of the degradation state of their parent lipids in a variety of 89 
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natural samples (see Table 1 for details). In contrast, some other lipid oxidation products, 90 
while useful from a qualitative perspective, are either too unstable or insufficiently 91 
source/pathway-specific to provide quantitative information. However, it may be noted that 92 
such qualitative information may still be useful for providing evidence of abiotic alteration of 93 
some common palaeoenvironmental proxies (e.g., , IP25, IPSO25). 94 
 95 
3. Abiotic oxidative degradation processes 96 
 97
3.1. Photosensitized oxidation 98 
 99 
3.1.1. Photooxidative reactions 100 
Direct photooxidative reactions of lipids (Zafiriou et al., 1984) are relatively rare in 101 
natural environments, since very few compounds of known structure (e.g., pigments, 102 
polyunsaturated fatty acids, vitamin B12, tryptophan, thiamine, etc.) possess the required 103 
chromophores for photon absorption that leads to the formation of reactive excited states. 104 
However, such reactions can play an important role in the photochemistry of complex organic 105 
structures such as humic and fulvic acids, which do have the necessary chromophores 106 
(Zafiriou, 1977). In contrast, indirect photoprocesses can be especially important in the 107 
natural environment, since they can even alter those lipids whose reactive states are 108 
inefficiently populated by direct light absorption (Zafiriou et al., 1984). These reactions 109 
involve initial light absorption by so-called photosensitizers, which then transfer the absorbed 110 
energy to other molecules, including dissolved oxygen. Within the environment, many dyes, 111 
pigments and aromatic hydrocarbons are very efficient sensitizers (Foote, 1976). These 112 
compounds possess two types of electronically excited states, a singlet (
1
Sens) and a triplet 113 
(
3
Sens) (Foote, 1976), although most of the photosensitized oxidation reactions in nature 114 
'
37
KU
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occur from the sensitizer in its triplet state (Gollnick, 1968). In the presence of oxygen, the 115 
excited sensitizer triplet can react in two ways: (1) with another molecule directly, to give 116 
radicals after hydrogen atom abstraction or electron transfer (Type I photoprocesses) (Fig. 1), 117 
which react subsequently with molecular oxygen (Gollnick, 1968), or (2) with molecular 118 
oxygen (Type II photoprocesses) (Fig. 1) resulting in the formation of the electronically 119 
excited singlet state of oxygen (
1
O2), which is particularly reactive towards unsaturated 120 
compounds including many lipids. Less efficient electron transfer from the triplet sensitizer to 121 
oxygen leads to formation of the superoxide ion (O2
•–
) (Foote, 1976). 122 
 123 
3.1.2. Induction of Type II photosensitized oxidation processes in senescent phototrophic 124 
organisms 125 
Due to the presence of chlorophyll, an efficient photosensitizer (Foote, 1976; Knox and 126 
Dodge, 1985), visible light-induced photosensitized processes act intensively during 127 
phytoplankton senescence. Following light absorption by chlorophyll, an excited singlet state 128 
(
1
Chl) is formed, which, in healthy cells, is mainly used in the characteristic fast reactions of 129 
photosynthesis (Foote, 1976). However, a small proportion of 
1
Chl (<0.1%) undergoes 130 
intersystem crossing (ISC) to form the longer-lived triplet state (
3
Chl; Knox and Dodge, 131 
1985). 
3
Chl is not only itself potentially damaging in Type I reactions (Fig. 2A) (Knox and 132 
Dodge, 1985), but can also generate 
1
O2, by reaction with ground state oxygen (
3
O2) via Type 133 
II processes (Fig. 2A).  Due to the susceptibility to oxidative damage of chloroplasts, there are 134 
many antioxidant protective mechanisms in chloroplasts. Carotenoids quench 
3
Chl and 
1
O2 by 135 
energy transfer mechanisms at very high rates (Foote, 1976) (Fig. 2A) and tocopherols can 136 
remove 
1
O2 by a quenching process and by irreversible reaction (Halliwell, 1987).  137 
In senescent phototrophic organisms, the cessation of photosynthetic reactions results in 138 
an accelerated rate of formation of 
3
Chl and 
1
O2 (Nelson, 1993). The rate of formation of 139 
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these potentially damaging species can then exceed the quenching capacity of the 140 
photoprotective system and photodegradation can thus occur as a consequence (photodynamic 141 
effect; Merzlyak and Hendry, 1994) (Fig. 2B). 142 
The very high reactivity of 
1
O2 with numerous membrane components (unsaturated 143 
lipids, some amino acids, nucleic acids: Rontani, 2012; Devasagayam and Kamat, 2002) 144 
mainly results from the loss of the spin restriction that normally hinders reaction of 
3
O2 with 145 
these biomolecules (Zolla and Rinalducci, 2002). Due to its high reactivity and short lifetime, 146 
it is generally considered that 
1
O2 is able to interact with molecules mostly in its nearest 147 
environment (Krasnovsky, 1998). However, it has also been shown that 
1
O2 produced in the 148 
photosynthetic apparatus of Chlamydomonas reinhardtii under high light conditions is able to 149 
leave the thylakoid membrane, thus reaching the cytoplasm or even the nucleus (Fisher et al., 150 
2007). The lifetime of 
1
O2 seems thus to vary significantly in membranes according to 151 
physiological conditions.  152 
 153 
3.1.3. Photosensitized oxidation processes in the marine environment 154 
In the marine environment, Type II photodegradation processes can act intensively in 155 
senescent phytoplanktonic cells (Rontani, 2012). The intensity of this degradation is strongly 156 
dependent on: (i) the residence time of these cells within the euphotic layer (Zafiriou et al., 157 
1984; Mayer et al., 2009), (ii) their physiological state (Nelson, 1993; Merzlyak and Hendry, 158 
1994), (iii) the intensity of solar irradiance (Amiraux et al., 2016), and (iv) the temperature 159 
(Amiraux et al., 2016). However, since the energy used by phytoplanktonic cells for growing 160 
is the same employed during their photosensitized oxidation, Type II photodegradation 161 
processes can act not only in surface waters but also at the level of the deep chlorophyll 162 
maximum. 163 
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The physiological state of cells also plays a key role in the induction of Type II 164 
photosensitized oxidation processes. Indeed, 
1
O2 production can exceed the quenching 165 
capacities of the photoprotective system (and thus induce cell damage) only when the 166 
photosynthetic pathways are not operative, as is the case for senescent or highly stressed cells 167 
(Nelson, 1993) (Fig. 2B). 168 
Type II photosensitized oxidation appears to be particularly efficient in natural samples 169 
in the Arctic (Rontani et al., 2012, 2016) and the Antarctic (Rontani et al., 2019a), and this 170 
has been attributed to the low temperatures and solar irradiance observed in the polar regions 171 
(Amiraux et al., 2016). Although perhaps counter-intuitive, low temperatures limit the 172 
diffusion of 
1
O2 away from the membranes where it is generated (Ehrenberg et al., 1998), 173 
while relatively low solar irradiances preserve the sensitizer (chlorophyll), allowing a longer 174 
production time for 
1
O2. 175 
 176 
3.1.4. Type II photosensitized oxidation of the main unsaturated lipids in senescent algae 177 
 178 
3.1.4.1. Chlorophylls 179 
Phytoplankton contain a large number of different pigments, the most important of them 180 
being chlorophylls (Jeffrey et al., 1997). Irradiation of dead phytoplankton cells by 181 
photosynthetically active radiation (PAR) and ultraviolet radiation (UVR) results in rapid 182 
degradation of chlorophylls (Nelson, 1993; Rontani et al., 1995; Christodoulou et al., 2010). 183 
Despite some progress identifying intermediate photoproducts (Engel et al., 1991; Iturraspe et 184 
al., 1994), no stable and specific markers for the photodegradation of the chlorophyll 185 
macrocycle have yet to be characterised. However, the isoprenoid phytyl side-chain of 186 
chlorophylls (1), which is photodegraded 3–5 times slower than the chlorophyll tetrapyrrolic 187 
structure (Cuny et al., 1999; Christodoulou et al., 2010), undergoes Type II photosensitized 188 
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oxidation leading to the production of photoproducts a and b (Fig. 3). Such oxidation 189 
products are identifiable and quantifiable following NaBH4 reduction and alkaline hydrolysis 190 
to yield 6,10,14-trimethylpentadecan-2-ol (2) and 3-methylidene-7,11,15-trimethyl-191 
hexadecan-1,2-diol (phytyldiol) (3), respectively (Fig. 3) (Rontani et al., 1994). 192 
Phytyldiol (3), which is ubiquitous in the marine environment and results specifically 193 
from the action of 
1
O2, has been proposed as specific tracer for photodegradation of the 194 
chlorophyll phytyl side-chain (Rontani et al. 1994, 1996; Cuny and Rontani, 1999). 195 
Furthermore, the molar ratio phytyldiol:phytol (Chlorophyll Phytyl side-chain 196 
Photodegradation Index, CPPI) has been proposed to estimate the extent of photodegraded 197 
chlorophyll in situ using the empirical Eqn. 1 (Cuny et al. 2002). Quantification of phytol (1) 198 
and phytyldiol (3) has thus led to quantitative estimates of chlorophyll photooxidation 199 
percentages in various natural samples including suspended and sinking particles from 200 
tropical and temperate settings and the polar regions (Table 1). Such estimates range from 0 to 201 
100%, indicating complete photooxidation of chlorophyll in several cases. 202 
Chlorophyll photodegradation % = (1 – (CPPI + 1)–18.5) × 100                                     (Eqn. 1) 203 
 204 
3.1.4.2. Carotenoids 205 
Carotenoids are widely distributed in marine and freshwater phytoplankton (for a 206 
review see Huang et al., 2017). Some carotenoids are found only in specific algal divisions or 207 
classes; therefore, these compounds are often used as chemotaxonomic markers (Takaichi, 208 
2011). As important components of the photoprotective system of phytoplanktonic cells, 209 
carotenoids occur in close molecular-scale association with chlorophylls, even when the 210 
structure of the thylakoid membrane has been disrupted (Nelson, 1993). Thus, during the 211 
senescence of these organisms, when the production of 
1
O2 exceeds their quenching capacity, 212 
carotenoids can be strongly affected by Type II photosensitized oxidation processes. For 213 
10 
 
example, loliolide (4) and iso-loliolide (5) (Fig. 4), which are produced during Type II 214 
photosensitized oxidation of carotenoids (Iseo et al., 1972), were previously detected in 215 
senescent cells of Dunaliella sp. following irradiation by visible light (Rontani et al., 1998). 216 
However, due to their apparent additional production by anaerobic bacteria (Repeta, 1989) 217 
and during dark incubations of senescent phytoplanktonic cells (Rontani et al., 1998), these 218 
compounds do not constitute unequivocal indicators of Type II photosensitized oxidation of 219 
carotenoids. 220 
 221 
3.1.4.3. 5-sterols 222 
In phytoplanktonic cells, 5-sterols are important membrane components that stabilize 223 
the structure of phospholipid bilayers and thus play a significant role in membrane 224 
temperature acclimation (Piepho et al., 2012). Moreover, they are important precursors for 225 
steroid hormones (Goad, 1981). These unsaturated components of biological membranes 226 
contribute ca. 2–8% of the lipid pool of the different phyla (Jónasdóttir, 2019) and are highly 227 
susceptible to photooxidative degradation during the senescence of phytoplankton. Type II 228 
photosensitized oxidation of these compounds mainly produces6-5-hydroperoxides (6) and 229 
to a lesser extent 4-6/6-hydroperoxides (7 and 8; Fig. 5) (Nickon and Bagli, 1961; Kulig 230 
and Smith, 1973; Korytowski et al., 1992). 6-5-hydroperoxides (6) are relatively unstable 231 
and commonly undergo allylic rearrangement to 5-7-hydroperoxysterols (9), which in turn 232 
epimerize to the corresponding 7-hydroperoxides (10; Fig. 5) (Smith, 1981).  233 
Irradiation by visible light of senescent cells of several phytoplankton species (Rontani 234 
et al., 1997a, 1997b, 1998) resulted in rapid photodegradation of the main 5-sterols of these 235 
algae, as shown by the identification of the alcohols corresponding to the hydroperoxides 7–236 
10 following NaBH4 reduction and alkaline hydrolysis.  237 
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Although produced in lower relative amounts compared to the 6-5-hydroperoxides 238 
(6), the more stable and specific 4-6/6-hydroperoxides (7 and 8), quantified after NaBH4 239 
reduction to the corresponding 4-stera-6-diols 11 and 12 (Fig. 5), have been proposed as 240 
more reliable tracers of Type II photosensitized oxidation of 5-sterols. Further, the extent of 241 
photooxidation (%) of the parent sterol can be estimated from the relative proportions of 6-242 
5-hydroperoxides (6) and 4-6/6-hydroperoxides (7 and 8) observed in biological 243 
membranes (ratio (7 + 8)/6 ≈ 0.3, Korytowski et al., 1992; Christodoulou et al., 2009; Rontani 244 
et al., 2009) using Eqn. 2. Using this approach, the photooxidation state (%) of several 5-245 
sterols in suspended and sinking particles, sea ice, sediments and terrestrial plants from a 246 
range of locations have been estimated (Table 1). Interestingly, the photooxidation state of 247 
these compounds appears to be greatest at high latitudes; this may be attributed to the low 248 
temperatures observed in such regions, a factor that is well-known to decrease the diffusion 249 
rate of 
1
O2 outside of cell membranes (Ehrenberg et al., 1998). Further, due to the source-250 
specificity of some 5-sterols (Volkman, 1986, 2003), their oxidation products can also 251 
provide interesting information about the photooxidation state of specific phyla of 252 
phytoplankton (e.g., diatoms, haptophytes or chlorophytes; Rontani et al., 2012a, 2016, 253 
2019a) or terrestrial higher plants (Rontani et al., 2014d). For example, photodegradation 254 
processes appears to act more intensively on 24-methylenecholesterol (mainly arising from 255 
diatoms; Volkman, 1986, 2003) (photooxidation percentages ranging from 10 to 40% in the 256 
Antarctic; Rontani et al., 2019a) than on epi-brassicasterol (arising from diatoms and/or 257 
haptophytes; Volkman, 1986, 2003) (photooxidation percentages ranging from 3 to 15% in 258 
the same samples). Type II photosensitized oxidation processes therefore seem to be more 259 
efficient in diatoms compared to haptophytes, although the reason for this remains to be 260 
elucidated. 261 
 262 
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 5-sterol photooxidation % = (4-stera-6-diols % × (1 + 0.3)/0.3)                         (Eqn. 2)   263 
 264 
3.1.4.4. Unsaturated fatty acids 265 
Fatty acids constitute the building block of the main lipid types of the phytoplankton 266 
(triacylglycerols, galactolipids and phospholipids; Jónasdóttir, 2019). Unsaturated fatty acids 267 
(including monounsaturated (MUFAs) and polyunsaturated (PUFAs) acids), ranging from 45 268 
to 85% of the total fatty acids in the different phytoplankton groups (Jónasdóttir, 2019), are 269 
particularly susceptible to Type II photooxidation (Heath and Packer, 1968). Type II 270 
photosensitized oxidation of MUFAs involves a direct reaction of 
1
O2 with the carbon-carbon 271 
double bond by a concerted ‘ene’ addition (Frimer, 1979) and leads to formation of 272 
hydroperoxides at each end of the original double bond (Fig. 6). These hydroperoxides, each 273 
with an allylic trans-double bond (Frankel et al., 1979; Frankel, 1998), can subsequently 274 
undergo stereoselective radical allylic rearrangement affording two other isomers with a trans 275 
double bond (Fig. 6; Porter et al. 1995). Isomeric trans allylic hydroxyacids resulting from 276 
NaBH4 reduction of these photoproducts may thus be used as tracers of Type II 277 
photosensitized oxidation of MUFAs. However, this requires subtraction of the amounts of 278 
these compounds arising from autoxidation (See Section 4.3.3).  279 
Using this approach, photoproducts of MUFAs were detected previously in senescent 280 
cells of phytoplanktonic algae (Marchand and Rontani, 2001; Christodoulou et al., 2010; 281 
Amiraux et al., 2016) and in several natural samples (Table 1). As in the case of sterols (see 282 
Section 3.1.4.3.), photooxidation of MUFAs appears to be especially significant in the polar 283 
regions. On the basis of the high photooxidation percentages (up to 100%) of MUFAs 284 
measured in various samples of suspended and sinking particles (Table 1), and the well-285 
known increasing photooxidation rates of fatty acids with their degree of unsaturation 286 
(Frankel, 1998; Rontani et al., 1998), a strong photooxidation of PUFAs in the marine 287 
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environment would be expected. However, photooxidation products of PUFAs have not been 288 
detected in natural samples, likely due to their instability with respect to further reactions, 289 
including secondary oxidation. 290 
 291 
3.1.4.5. Alkenones 292 
Alkenones are a class of mono-, di-, tri-, tetra- and penta-unsaturated C35–C40 methyl 293 
and ethyl ketones (Boon et al., 1978; Volkman et al., 1980, 1995; de Leeuw et al., 1980; 294 
Marlowe et al., 1984; Prahl et al., 2006; Jaraula et al., 2010), which are produced by certain 295 
marine haptophytes. The unsaturation ratio of C37 alkenones is defined by Eqn. 3, where 296 
[C37:2] and [C37:3] are the concentrations of di- and tri-unsaturated C37 alkenones respectively, 297 
and varies positively with the growth temperature of the alga (Prahl and Wakeham, 1987; 298 
Prahl et al., 1988). 299 
 = [C37:2] / ([C37:2] + [C37:3])                                                                                (Eqn. 3) 300 
The 
 
index is thus now used routinely for paleotemperature reconstructions (e.g., 301 
Brassell et al., 1986; Prahl and Wakeham, 1987; Brassell, 1993; Müller et al., 1998). Visible 302 
light-induced photodegradation of these compounds was previously investigated in order to 303 
determine if photochemical processes acting selectively on C37:2 and C37:3 alkenones could 304 
appreciably modify  ratios during algal senescence (Rontani et al., 1997b; Mouzdahir et 305 
al., 2001; Christodoulou et al., 2010). 306 
Type II photosensitized oxidation of alkenones is not sufficiently rapid in dead cells of 307 
haptophytes to induce strong modification of the  ratio before the photo-destruction of the 308 
photosensitizing substances (Rontani et al., 1997b; Mouzdahir et al., 2001; Christodoulou et 309 
al., 2010). This poor reactivity was attributed to: (i) the trans geometry of the alkenone double 310 
bonds (Rechka and Maxwell, 1988), which is 7–10 times less sensitive to Type II 311 
photosensitized oxidation than the cis configuration of fatty acids (Table 2) (Hurst et al., 312 
'
37
KU
'
37
KU
KU

37
'
37
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1985), (ii) the separation of the double bonds by five carbons in the alkenone structure instead 313 
of one in the case of PUFAs, or (iii) the occurrence of these compounds in cytoplasmic 314 
vesicles (Eltgroth et al., 2005), which could significantly decrease the frequency of interaction 315 
between 
1
O2 and alkenones, even if there are indications that 
1
O2 should easily diffuse into 316 
such microenvironments (Christodoulou et al., 2010). 317 
 318 
3.1.4.6. n-Alkenes 319 
It was previously established that the hydrocarbon fraction of the eustigmatophyte 320 
Nannochloropsis salina contained C25, C27 and C29 polyunsaturated n-alkenes (Gelin et al., 321 
1997). C37 and C38 n-alkenes with 2, 3 and 4 double bonds could also be detected in the 322 
haptophytes Emiliania huxleyi CS-57 (Volkman et al., 1980). C31 and C33 n-alkenes were also 323 
present in this strain but in smaller amounts. Type II photosensitized oxidation of n-alkenes 324 
was previously investigated in senescent cells of E. huxleyi and N. salina (Mouzdahir et al., 325 
2001). In the former, minor C31 and C33 n-alkenes possessing cis double bonds (Rieley et al., 326 
1998) were strongly photodegraded, while major C37 and C38 n-alkenes possessing trans 327 
internal double bonds (Rieley et al., 1998) appeared particularly recalcitrant towards 328 
photochemical processes. As seen with alkenones, the photochemical recalcitrance of C37 and 329 
C38 n-alkenes was partly attributed to the well-known poor reactivity of 
1
O2 with trans double 330 
bonds (Table 2) (Hurst et al., 1985). However, a localisation of these alkenes outside of the 331 
main membranes (e.g., cytoplasmic vesicles; Eltgroth et al., 2005) could also play a role in 332 
their weak photooxidative reactivity. 333 
Visible light irradiation of dead cells of N. salina showed no significant light-dependent 334 
degradation of monounsaturated hydrocarbons. This observation was attributed to the terminal 335 
position of the double bond in these compounds (Gelin et al., 1997), which is poorly reactive 336 
towards 
1
O2 (Table 2) (Kopecky and Reich, 1965). In contrast, di-, tri-, and tetraenes were 337 
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strongly photodegraded during irradiation, with their degradation rates increasing 338 
systematically with the number of double bonds, as expected.  339 
 340 
3.1.4.7. HBI alkenes 341 
C25 and C30 Highly branched isoprenoid (HBI) alkenes, sometimes referred to as 342 
haslenes and rhizenes, respectively, are produced by a relatively small number of marine and 343 
freshwater diatoms. To date, haslenes have been reported in species belonging to the 344 
Berkeleya, Haslea, Navicula, Pleurosigma, Pseudosolenia and Rhizosolenia genera, while the 345 
only known source of rhizenes is R. setigera (Volkman et al., 1994; Belt et al., 1996, 2000, 346 
2001; Sinninghe Damsté et al., 1999, 2004; Brown et al., 2014; Brown and Belt, 2016; Kaiser 347 
et al., 2016). C25 HBI alkenes (exhibiting 1–6 double bonds) are the most commonly reported 348 
HBIs in marine sediments (Rowland and Robson, 1990; Belt et al., 2000). Despite their 349 
common occurrence, however, relatively little attention has been given to their use as 350 
palaeoenvironmental proxies, which is perhaps surprising given their apparent source-351 
specificity. Exceptions to this can be found in the polar regions, where 3,9,13-trimethyl-6-352 
(1,5-dimethylhexyl)-tetradec-1-ene (19) (referred as IP25) and 2,6,10,14-tetramethyl-7-(3-353 
methylpent-4-enyl)-pentadec-6(17)-ene (20) (referred as IPSO25) (Fig. 7) have been proposed 354 
as proxy measures of past seasonal sea ice in the Arctic and Antarctic, respectively (Belt et 355 
al., 2007, 2016; Belt, 2018). Furthermore, among the main polyunsaturated HBIs 21–24 (Fig. 356 
7), the tri-unsaturated HBI 22, which is produced by certain pelagic diatoms including R. 357 
setigera (Belt et al., 2017), has been identified as a potentially useful open-water counterpart 358 
to IP25 when using the so-called PIP25 index for calculating semi-quantitative sea ice estimates 359 
(see Belt, 2018 for a recent review). Furthermore, 22 and its diastereoisomer (HBI 23) (Fig. 7) 360 
have been proposed as possible proxies for the marginal ice zone in the polar regions (Belt et 361 
al., 2015; Belt, 2018; Köseoğlu et al., 2018a,b), while the ratio between them (expressed as 362 
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22/(22+23); HBI TR25) has recently been suggested as a proxy measure for the spring 363 
phytoplankton bloom, at least in northern high latitudes (Belt et al., 2019).  364 
In order to compare the efficiency of type II photosensitized oxidation processes upon 365 
HBI alkenes and other well-known phytoplanktonic lipids, solutions of a mixture of mono-, 366 
di-, tri- and tetraunsaturated HBI alkenes (19–29), methyl oleate (30) (as a model of 367 
glycerides), phytyl acetate (31) (as a model of chlorophyll phytyl side-chain), cholesteryl 368 
acetate (32) (as a model of esterified sterols) and vitamin E (13) were irradiated in the 369 
presence of hematoporphyrin as sensitizer (Rontani et al., 2011). Interestingly, while the 370 
reactivity of fatty acids towards 
1
O2 increases with their degree of unsaturation (Frankel, 371 
1998), the reactivity of HBI alkenes towards 
1
O2 was found to be most dependent on the 372 
number of tri-substituted double bonds (Table 3). Indeed, the rate of the ene reaction of 
1
O2 373 
with alkenes, which is controlled by activation entropy (Hurst et al., 1985), increases strongly 374 
with the degree of substitution of the double bond (Table 2). As a consequence, IP25 (19), 375 
containing only a terminal double bond, and IPSO25 (20), containing a terminal double bond 376 
and a methylidene group, reacted much slower with 
1
O2 than their tri-unsaturated counterparts 377 
(Table 3) (Rontani et al., 2011). In contrast, HBI trienes and tetraenes with at least one tri-378 
substituted double bond were photodegraded at similar or higher rates compared to vitamin E 379 
(13), which is well-known to be very reactive towards 
1
O2 (Yamauchi and Matsushita, 1979; 380 
Clough et al., 1979; Nassiry et al., 2009) (Table 2). Although HBI triene 21, phytyl acetate 381 
(31) and cholesteryl acetate (32) all contain a tri-substituted double bond, the following order 382 
of photoreactivity was observed: triene 21 > phytyl acetate (31) > cholesteryl acetate (32) 383 
(Table 3). These differences in reactivity were attributed to: (i) electronic deactivation of the 384 
double bond in phytyl acetate (31) by the electron accepting acetoxy group at the allylic 385 
position (Griesbeck et al., 2003) and (ii) steric hindrance between the sterol 5 double bond 386 
and 
1
O2 (Beutner et al., 2000). The lower reactivity of HBI 22 and 23 possessing two tri-387 
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substituted double bonds (compared to HBI 21) towards singlet oxygen (Table 2) was also 388 
attributed to their enhanced rigidity or steric hindrance resulting from the presence of the 7-20 389 
double bond (Rontani et al., 2014a). Photodegradation of HBI alkenes and other lipids was 390 
also compared in dead cells of the diatom Haslea ostrearia (Rontani et al., 2011) and HBIs 391 
with at least one tri-substituted double bond were photodegraded at comparable or higher 392 
rates compared to chlorophyll a. 393 
In the case of HBI trienes 22 and 23, photooxidation appeared to occur exclusively at 394 
the tri-substituted 9-10 and 7-20 double bonds. Since syn ene addition of 
1
O2 at the more 395 
crowded side of tri-substituted double bonds is strongly favoured (Orfanopoulos et al., 1989), 396 
reaction between 
1
O2 and the 9-10 and 7-20 double bonds in 22 and 23 should result mainly in 397 
the formation of allylic hydroperoxides 33–38 (Fig. 8). Reduction products of compounds 34 398 
and 35 could not be detected among photoproducts of trienes 22 and 23, likely due to the very 399 
high reactivity of conjugated dienic systems toward 
1
O2 (Frimer, 1983) inducing a very fast 400 
conversion to labile endoperoxides. Quantitatively, the alcohols 39–42 obtained after NaBH4 401 
reduction of the corresponding hydroperoxides 33 and 36–38 represented only a very small 402 
proportion of the substrate degraded (Rontani et al., 2014a), attributed to rapid secondary 403 
reactions of the four primary photoproducts.  404 
Since compounds 40–42 can also be produced by autoxidation (see Section 4.3.5.), only 405 
compound 39 has been proposed as a specific (and qualitative) tracer of HBI alkene 406 
photooxidation (Fig. 8) (Rontani et al., 2014a). Interestingly, compound 39 could be detected 407 
in sea ice samples from the Arctic (Rontani et al., 2014b) and in weakly oxidized 408 
phytoplankton from Antarctica (Rontani et al., 2019a), thus confirming the vulnerability of 409 
HBI trienes 22 and 23 towards Type II photosensitized oxidation under environmental 410 
conditions. Unfortunately, the lability (resulting from further oxidation) of this tracer 411 
prevented more quantitative photooxidation estimates from being made.  412 
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 413 
3.1.4.8. Vitamin E 414 
Vitamin E (13) is relatively abundant in most photosynthetic organisms and notably in 415 
microalgae (Brown et al., 1999). As an important constituent of the photoprotective system of 416 
the cells, vitamin E (13) reacts very efficiently with 
1
O2 affording mainly 8a-417 
hydroperoxytocopherone (14) (Yamauchi and Matsushita, 1979; Clough et al., 1979) (Fig. 9). 418 
Heterolytic and homolytic degradation of compound 14 affords different isoprenoid products 419 
(4,7,12-trimethytridecanoic acid (15), 6,10,14-trimethylpentadecan-2-one (16), 4,8,12,16-420 
tetramethylheptadecan-4-olide (17) and -tocopherylquinone (18)) (Nassiry et al., 2009) (Fig. 421 
9). Unfortunately, peroxyl radicals also react with the 8a position of vitamin E (13) to form 422 
compound 14 (Liebler, 1994) (Fig. 9), thereby making it difficult to differentiate between 423 
photo- and autoxidation reactions. It is interesting to note, however, that the main oxidation 424 
products of vitamin E (13) are trimeric compounds, which seem to be a potential source of 425 
pristane in sediments (Rontani et al., 2010). 426 
 427 
3.1.4.9. Kinetic aspects 428 
First-order kinetics generally adequately describe the Type II photosensitized oxidation 429 
of lipid components of senescent phytoplanktonic cells (Nelson, 1993; Rontani et al., 1998). 430 
However, an exception could be observed in the case of n-alkenes present in N. salina whose 431 
photodegradation seems to be a second-order process (Mouzdahir et al., 2001). Half-life doses 432 
of the main lipid components of phytoplanktonic cells are summarized in Table 4. On the 433 
basis of the different photodegradation rate constants measured in different studies, the 434 
following order of photoreactivity of phytoplanktonic lipids can be proposed: HBIs with tri-435 
substituted double bonds ≈ chlorophylls ≈ polyunsaturated fatty acids and n-alkenes ≈ 436 
carotenoids > MUFAs ≈ chlorophyll phytyl side-chain > 5-sterols > alkenones > IP25.  437 
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 438 
4. Free radical oxidation (autoxidation) 439 
 440 
4.1. Induction of autoxidation processes in senescent phototrophic organisms 441 
In contrast to photooxidation, autoxidation involves the direct reaction of molecular 442 
oxygen in its triplet ground state (i.e. 
3
O2) with organic compounds under relatively mild 443 
conditions. Autoxidation can be described as a free-radical-mediated oxidation chain-reaction 444 
and can be divided into three major steps: chain initiation, propagation and termination (Fig. 445 
10). The mechanisms of initiation of lipid oxidation have been debated for many years. In 446 
senescent phytoplanktonic cells, initiation seems to result from the decomposition of 447 
hydroperoxides produced during photodegradation of cellular organic matter (Girotti, 1998; 448 
Rontani et al., 2003). During the initiation phase, the generation of radicals can result from the 449 
involvement of enzymes (e.g., lipoxygenases (LOXs)), redox-active metal ions undergoing 450 
one-electron transfer, heat or light (Fig. 10) (Sheldon and Kochi, 1976; Schaich, 2005). 451 
Redox-active metal ions (e.g., Co
2+
, Fe
2+
, Fe
3+
, Cu
2+
, Mn
2+
, Zn
2+
, Mg
2+
, V
2+
) are generally 452 
considered as the initiators of highest importance for lipid oxidation in biological systems 453 
(Pokorny, 1987; Schaich, 2005) and can direct the cleavage of hydroperoxides either through 454 
alkoxyl or peroxyl radicals (Fig. 10). The well-known generation of radicals in the course of 455 
the LOX catalytic cycle may also act like a catalyst in autoxidation (Fuchs and Spiteller, 456 
2014). Moreover, when LOX activity becomes very high, increasing amounts of free radicals 457 
may damage the active site of LOXs and release Fe
2+
 ions (Sato et al., 1992; Fuchs and 458 
Spiteller, 2014). Peroxyl and alkoxyl radicals thus formed can then abstract a hydrogen atom 459 
from a relatively weak C–H bond (e.g., allylic, tertiary, to oxygen; Fossey et al., 1995) or 460 
add to an unsaturated system, inducing a radical chain-reaction (Fig. 10). The chain-reaction 461 
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ends when free radicals combine to form a new bond, hence rendering them unreactive (Fig. 462 
10).  463 
Free radical oxidation processes play a pivotal role in the deleterious effects of 464 
senescence in plants (Leshem, 1988). Further, it has been demonstrated that viral infection 465 
(Evans et al., 2006) and autocatalytic programmed cell death (Bidle and Falkowski, 2004) of 466 
phytoplanktonic cells can also lead to elevated production of reactive oxygen species (ROS) 467 
able to induce the radical degradation of cell components. 468 
 469 
4.2. Autoxidation processes in the marine environment 470 
 471 
While the effects of Type II photosensitized oxidation processes in phytodetritus are 472 
limited to the euphotic layer of the oceans, autoxidation processes can act on such material 473 
not only throughout the water column, but also in the oxic layer of sediments. It is generally 474 
considered that the rate and extent of autoxidation of sedimentary organic compounds is 475 
strongly dependent on the molecular structure of the substrate, protective effects offered by 476 
association of organic matter with particle matrices, and the length of time accumulating 477 
particles are exposed to molecular oxygen in sedimentary pore waters (Henrich, 1991; 478 
Hartnett et al., 1998). Autoxidation should thus be especially prevalent in cases where 479 
sequestered algal material experiences long residence times in the oxic layer of sediments.  480 
Even though autoxidation is a very well-known chemical process, its significance in 481 
environmental studies has only relatively recently been demonstrated (Christodoulou et al., 482 
2009; Rontani et al., 2009, 2014c, 2017; Galeron et al., 2018). 483 
 484 
4.3. Autoxidation of the main unsaturated lipids in senescent algae 485 
 486 
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4.3.1. Chlorophylls 487 
Chlorophyll allomers such as 13
2
-hydroxychlorophyll a (HO-chl-a) (43) and 13
2
-488 
methoxychlorophyll a (MeO-chl-a) (44) (Fig. 11) are thought to be formed by autoxidation 489 
through reaction with ground state oxygen (Hynninen, 1991). HO-chl-a has been found in 490 
senescent and virally infected cultures (Bale et al., 2013), while HO-chl-a (43) and MeO-chl-a 491 
(44) have both been shown to increase in Thalassiosira pseudonana cultures at the onset of 492 
senescence (Franklin et al., 2012). However, very little is known about the formation of 493 
allomers during phytoplankton mortality, and additional culture studies are required to test the 494 
ubiquity or specificity of allomer formation (Walker and Keely, 2004). 495 
Autoxidation of the esterified chlorophyll phytyl chain involves either addition of 496 
peroxyl radicals to the double bond or hydrogen abstraction at the allylic carbon 4 (Fig. 12) 497 
(Rontani and Aubert, 1994, 2005). Addition of a peroxyl radical to the double bond affords a 498 
tertiary radical, which can then: (i) lead to epoxides by fast intramolecular homolytic 499 
substitution (Fossey et al., 1995), or (ii) react with molecular oxygen, which after hydrogen 500 
abstraction from another molecule of substrate, yields a diperoxide (Fig. 12). Following 501 
NaBH4 reduction and alkaline hydrolysis, these compounds are converted to 3,7,11,15-502 
tetramethylhexadecan-1,2,3-triol (45) (Fig. 12). Abstraction of a hydrogen atom from C-4 and 503 
subsequent oxidation of the allylic radicals thus formed yields four isomeric hydroperoxides, 504 
which are converted (after NaBH4 reduction and alkaline hydrolysis) to Z and E 3,7,11,15-505 
tetramethylhexadec-3-en-1,2-diols (46 and 47)
 
and Z and E 3,7,11,15-tetramethyl-hexadec-2-506 
en-1,4-diols (48 and 49) (Fig. 12). Recently, autoxidative conversion of the chlorophyll phytyl 507 
side-chain to isophytol (50) has also been observed (Rontani and Galeron, 2016) and 508 
attributed to allylation (Berkessel, 2014) of the phytyl side-chain by peroxyl radicals (Rontani 509 
et al., 2019a) (Fig. 12). Compounds 46–49, which are widespread in the marine environment, 510 
therefore constitute useful and specific tracers of chlorophyll autoxidation. Unfortunately, the 511 
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well-known biotic and abiotic lability of epoxides in sediments (Rontani et al., 2019b) and 512 
during sample treatment (due to formation of methoxyhydrins and chlorohydrins; Marchand 513 
and Rontani, 2001) (Fig. 12) precludes quantitative estimates of chlorophyll phytyl side-chain 514 
autoxidation.  515 
 516 
4.3.2. 5-sterols 517 
Free radical oxidation of Δ5-sterols yields mainly 7α- and 7β-hydroperoxides and, to a 518 
lesser extent, 5α/β,6α/β-epoxysterols and 3β,5α,6β-trihydroxysterols (Smith, 1981; Morrissey 519 
and Kiely, 2006) (Fig. 13). 7-Hydroperoxysterols, which may be also formed by allylic 520 
rearrangement of photochemically produced 5-hydroperoxysterols (see Section 5.1.4.3) are 521 
not sufficiently specific and stable to be used as tracers of Δ5-sterol autoxidation. Although 522 
more specific, 5α/β,6α/β-epoxysterols are not stable enough to be used as tracers. Indeed, they 523 
may be easily hydrolysed to the corresponding triol in seawater and during the treatment of 524 
the samples (Fig. 13). 3β,5α,6β-Trihydroxysterols have therefore been identified as suitable 525 
tracers of sterol autoxidation. Furthermore, the extent of sterol autoxidation can be estimated 526 
(Eqn. 4) using rate constants previously obtained from incubation experiments (Morrisey and 527 
Kiely, 2006; Rontani et al., 2014c). The autoxidation state of some algal and higher plant Δ5-528 
sterols has thus been estimated in various natural samples including suspended and sinking 529 
particles, sea ice and sediments (Table 1). The high values observed (up to 90%) attest to the 530 
efficiency of autoxidative processes in the marine realm. It may be noted, however, that the 531 
relatively poor chromatographic properties of the only partially silylated 3β,5α,6β-532 
trihydroxysterols (at positions 3 and 6) may hinder autoxidation estimates at low 533 
concentrations (Rontani et al., 2019a). 534 
Sterol autoxidation % = 3β,5α,6β-Trihydroxysterol % × 2.4                                        Eqn. 4 535 
 536 
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4.3.3. Unsaturated fatty acids 537 
Autoxidation of MUFAs mainly involves allylic hydrogen abstraction and subsequent 538 
oxidation of the allylic radical thus formed, yielding 6 isomeric allylic hydroperoxyacids (Fig. 539 
14). Free radical oxidative processes can be readily characterised after NaBH4 reduction based 540 
on the presence of cis allylic hydroxyacids, which are not produced photochemically (see Fig. 541 
6), and are specific products of these degradation processes (Porter et al., 1995; Frankel, 542 
1998). The proportion of trans hydroxyacids resulting from autoxidative processes may be 543 
distinguished from that arising from photooxidative processes according to the proportions of 544 
cis hydroxyacids detected and the ambient temperature (°C) (see Eqns. 5–8 in the case of 9 545 
MUFAs) (Frankel 1998; Marchand and Rontani 2001). Autoxidation percentages are obtained 546 
from the ratio of the sum of measured cis and calculated trans autoxidative allylic 547 
hydroxyacids to the parent MUFA. 548 
([8-cis] + [11-cis])/[9-trans] = –0.0138T + 1.502                                                         (Eqn. 5)  549 
([8-cis] + [11-cis])/[10-trans] = –0.0144T + 1.553                                                       (Eqn. 6) 550 
[8-cis]/([8-cis] + [8-trans]) = –0.0055T + 0.627                                                           (Eqn. 7) 551 
[11-cis]/([11-cis] + [11-trans]) = –0.0055T + 0.627                                                     (Eqn. 8) 552 
Oxidation products of MUFAs have proven to be very sensitive markers of individual 553 
photooxidation and autoxidation pathways, especially during phytoplankton growth, with low 554 
amounts of degradation products corresponding to bloom events and high amounts 555 
corresponding to pre- and post-bloom periods (Christodoulou et al., 2009).  556 
Despite the strong autoxidation percentages of MUFAs measured in various natural 557 
samples (up to 100%) (Table 1) and the increasing rates of autoxidation of fatty acids with the 558 
degree of unsaturation (Frankel, 1998), autoxidation products of PUFAs have thus far not be 559 
detected in senescent phytoplanktonic cells. This is possibly due to the instability of the 560 
hydroperoxides formed, or the involvement of cross-linking reactions, which lead to the 561 
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formation of macromolecular structures (Neff et al., 1988) that are not amenable for analysis 562 
by gas chromatographic methods. 563 
 564 
4.3.4. Alkenones 565 
Alkenones appear to be more sensitive towards oxidative free radical processes than 566 
other common marine lipids such as phytyl acetate (31), methyl oleate (30) and cholesteryl 567 
acetate (32), and their oxidation rates increase proportionally with their unsaturation (Rontani 568 
et al., 2006). As a consequence, these abiotic degradation processes have the potential to 569 
significantly increase (up to 0.20) the KU

37  ratio and thus bias alkenone-based 570 
paleotemperature estimations towards higher temperatures (up to +5.9°C).  571 
Autoxidation of alkenones involves mainly allylic hydrogen abstraction and subsequent 572 
oxidation of the allylic radical thus formed. Oxidation of each double bond and subsequent 573 
NaBH4 reduction thus affords four positional isomeric alkenediols (Fig. 15). Unfortunately, 574 
these compounds, which could be very useful tracers of autoxidation of alkenones, are not 575 
accumulated. Indeed, due to the presence of additional reactive double bonds, 576 
hydroperoxyalkenones undergo subsequent oxidation reactions to produce di-, tri- and 577 
tetrahydroperoxyalkenones, according to the degree of unsaturation of the starting alkenone 578 
(Rontani et al., 2013). However, the reduction products are not amenable for analysis using 579 
standard gas chromatographic methods. Interestingly, alkenediols resulting from post-580 
extraction NaBH4 reduction of the corresponding hydroperoxyalkenones (Fig. 15), have been 581 
observed in cultures of E. huxleyi (strain CS-57) that exhibited anomalously high 
KU

37 values 582 
(Rontani et al., 2007a) and a further strain (TWP1) maintained in the dark (Rontani et al., 583 
2013). These compounds were also detected in sediments from southeast Alaska (Rontani et 584 
al., 2013) (Table 1). 585 
 586 
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4.3.5. HBI alkenes 587 
The relative rates of autoxidation of various HBI alkenes was investigated by taking 588 
mixtures of mono-, di-, tri- and tetra-unsaturated HBI alkenes 19–25, methyl oleate (30), 589 
phytyl acetate (31) and cholesteryl acetate (32) in hexane and incubating in the presence of a 590 
radical enhancer (tert-butyl hydroperoxide) and a radical initiator (di-tert-butyl nitroxide) 591 
(Porter et al., 1995; Rontani et al., 2014a). Consistent with the general increase in 592 
autoxidation rate with unsaturation seen with other lipids (Frankel, 1998), the following order 593 
of reactivity was observed: IP25 < IPSO25 < HBI triene 21 < HBI tetraene 25 < HBI trienes 22 594 
and 23 (Table 5) (Fig. 7). The highest degradation rates of trienes 22 and 23 was attributed to 595 
the presence of a very reactive bis-allylic methylene group (C-8) (Fig. 7) that can lose a 596 
hydrogen atom very readily. Indeed, it was previously estimated that the rate of hydrogen 597 
abstraction for bis-allylic positions is in the region of 60 times higher than for their mono-598 
allylic counterparts (Ingold, 1969). Incubation of strongly photodegraded diatom cells from 599 
the Antarctic under darkness in the presence of Fe
2+
 ions showed that HBI trienes 22 and 23 600 
are autoxidized at a similar rate to PUFAs and faster than the chlorophyll phytyl side-chain 601 
(1), MUFAs and sterols in diatom cells (Rontani et al., 2014a). 602 
Autoxidation of IP25 (19) involves hydrogen atom abstraction by peroxyl radicals at the 603 
allylic carbon C-22 and the tertiary carbon atoms C-2, C-6, C-10 and C-14 (Rontani et al., 604 
2018) (Fig. 16). Subsequent oxidation of the resulting radicals, together with hydrogen 605 
abstraction from other substrate molecules, leads to the formation of various hydroperoxides, 606 
which could be quantified following NaBH4 reduction as the corresponding alcohols 51–55 607 
(Fig. 16). The failure to detect any autoxidation products resulting from reaction with the 608 
tertiary carbon C-7 was attributed to steric hindrance during hydrogen abstraction (Rontani et 609 
al., 2018). Compounds 51–55 have thus been proposed as potential tracers of IP25 610 
autoxidation. 611 
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It is well-known that addition of ROO• radicals to a C=C bond competes with allylic 612 
hydrogen abstraction when there is a double bond that is either conjugated, tri-substituted or 613 
1,1-disubstituted (Schaich, 2005). Consistent with this, efficient addition of peroxyl radicals 614 
to the 1,1-disubstituted 6-17 double bond of IPSO25 (20) was observed (Rontani et al., 615 
2019b); this addition affording the epoxide 56 after fast intramolecular homolytic substitution 616 
(Fossey et al., 1995) (Fig. 17). In parallel, allylic hydrogen abstraction at carbon atoms C-5 617 
and C-22 also occurred, but to a lesser extent, leading to the formation of hydroperoxides, 618 
identifiable via their respective alcohols 57 and 58 following NaBH4 reduction (Fig. 17). 619 
Unfortunately, the well-known biotic and abiotic lability of epoxides in sediments and during 620 
sample treatment (Marchand and Rontani, 2001) precludes the use of the major oxidation 621 
product 56 as a tracer of IPSO25 autoxidation. In contrast, the alcohols 57 and 58 have the 622 
potential to fulfil this role. 623 
Hydrogen abstraction at the very reactive bis-allylic C-8 position constitutes the major 624 
autoxidation pathway of HBI trienes 22 and 23. However, the two resulting isomeric 625 
hydroperoxides contain conjugated diene structures (Fig. 18), which are particularly prone to 626 
addition by peroxyl radicals and therefore readily undergo copolymerization with oxygen 627 
(Yin et al., 2011) affording highly oxidized products that are not amenable to analysis using 628 
gas chromatography (Rontani et al., 2014a). Addition of ROO• radicals to the C9-10 and C7-629 
20 double bonds also takes place as a minor pathway yielding epoxides 59 and 60, 630 
respectively (Fig. 18), and isomeric hydroperoxides (quantifiable under the form of the 631 
alcohols 40–42 and 61) after reaction with oxygen and elimination of a hydroperoxyl radical 632 
(Rontani et al., 2014a). It may be noted that the formation of compounds 41 and 42 can also 633 
result from hydrogen atom abstraction from the allylic position (C-11) of the parent HBI and 634 
subsequent oxidation of the radicals thus formed (Fig. 18). Compounds 40–42 and 61 were 635 
not accumulated during the incubations, probably due to their further oxidation to polar and 636 
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oligomeric compounds, which are not detectable using conventional GC–MS methods. 637 
Although alcohols 40–42 may also be produced by Type II photosensitized oxidation (Fig. 8), 638 
compound 61 could be identified as a specific (but only qualitative) tracer for autoxidation of 639 
HBI trienes 22 and 23 (Rontani et al., 2014a). 640 
On the basis of their very weak autoxidation rates (Table 5), it was initially considered 641 
that IP25 (19) and IPSO25 (20) should be unaffected by autoxidation processes within the 642 
water column (Rontani et al., 2014a), and the failure to detect autoxidation products 51–55 643 
(Fig. 16) and 57 and 58 (Fig. 17) in suspended particulate matter collected from the Arctic 644 
and Antarctic (Rontani et al., 2018, 2019a) certainly supports this assumption. In contrast, 645 
these same autoxidation products could be detected in surficial sediments collected from the 646 
same regions, albeit in relatively small amounts (Rontani et al., 2018, 2019b). The 647 
susceptibility of IP25 (19) and IPSO25 (20) towards autoxidation thus appears to be most 648 
prevalent in cases where sequestered algal material experiences long residence times in the 649 
oxic layer of sediments. 650 
In contrast to IP25 and IPSO25, the very reactive bis-allylic C-8 position in HBI trienes 651 
22 and 23 should make these HBIs much more sensitive to autoxidation in the marine 652 
environment. In support of this, alcohol 61 (Fig. 18) could be detected in Arctic sea ice 653 
(Rontani et al., 2014b) and in weakly oxidized samples of phytoplanktonic cells collected 654 
from Commonwealth Bay (East Antarctica) (Rontani et al., 2019a), providing direct evidence 655 
for the involvement of autoxidation of these HBIs in these regions. However, the lability of 656 
this tracer prevented quantitative estimates of autoxidation.  657 
 658 
4.3.6. Vitamin E 659 
Vitamin E reacts rapidly with peroxyl radicals, producing small amounts of 4,7,12-660 
trimethytridecanoic acid (15), 6,10,14-trimethylpentadecan-2-one (16), 4,8,12,16-661 
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tetramethylheptadecan-4-olide (17), -tocopherylquinone (18), and various dimers and 662 
trimers as major oxidation products (Liebler, 1994; Frankel, 1998; Rontani et al., 2007b) (Fig. 663 
9). However, as described previously (see Section 3.1.4.8), autoxidation products of vitamin E 664 
cannot be differentiated from those arising from photooxidation. 665 
 666 
5. Summary 667 
To be most useful as indicators of lipid oxidation processes, the products of these 668 
reactions need to be sufficiently specific to each lipid class and degradation route, and of 669 
sufficient stability to enable their identification and quantification. Ideally, their quantification 670 
should also provide further information about the extent of the associated degradation process. 671 
Thus, they should be sufficiently accumulated and unaffected by secondary oxidation (or 672 
other) reactions that would otherwise lead to underestimates or the formation of oligomeric 673 
oxidation products that are generally challenging to identify using conventional analytical 674 
methods such as GC–MS. This is less of a problem, however, if the primary oxidation 675 
products are recalcitrant towards degradation or are degraded (biotically and abiotically) at 676 
similar rates compared to their parent compounds. According to their specificity, such lipid 677 
oxidation compounds therefore have the potential to provide either qualitative or semi-678 
quantitative information about photooxidation, autoxidation or the total abiotic degradation 679 
state of individual or groups of organisms.  680 
According to current knowledge, the lipid oxidation products of MUFAs, the phytyl 681 
side-chain of chlorophyll and 5-sterols all appear to be widespread in the marine 682 
environment (Table 1) and fulfil some of these criteria. Although MUFA oxidation products 683 
have proven to be sensitive markers allowing changes in degradation to be monitored as the 684 
algal blooms evolved (Christodoulou et al., 2009), a better and more sensitive monitoring of 685 
algal stress could be carried out with PUFA oxidation products. The characterisation and 686 
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quantification of such structures in natural samples constitutes an exciting challenge for the 687 
future. In the case of chlorophyll, CPPI is commonly used to estimate the photodegradation 688 
percentage in natural marine samples according to the empirical relationship developed by 689 
Cuny et al. (2002) (Eqn. 1). Finally, for sterols, the stability and specific nature of the 690 
products resulting from individual degradation routes has enabled the relative effects of 691 
photo- and autoxidation degradation processes on specific phyla of phytoplankton (e.g., 692 
diatoms, haptophytes, chlorophytes) (Rontani et al., 2012, 2019a), seagrasses (Rontani et al., 693 
2014c; Rontani, 2019) and terrestrial higher plants (Rontani et al., 2014d; Rontani, 2019) to 694 
be elucidated.  695 
In contrast, the primary degradation products of alkenone (autoxidation) and HBIs 696 
(photo- and autoxidation), although useful from a qualitative perspective, appear to be too 697 
unstable with respect to secondary oxidation or other reactions for quantification of such 698 
pathways. However, the co-measurement of the autoxidation products of the phytyl side-chain 699 
of chlorophyll and 5-sterols has been used to provide indirect evidence for significant 700 
alkenone autoxidation, which would result in an overestimation of 
KU

37 values (Christodoulou 701 
et al., 2009; Rontani et al. 2009). Similarly, the quantification of autoxidation products of 5-702 
sterols and palmitoleic acid was recently employed to provide indirect evidence for the 703 
influence of autoxidative processes upon the tri-unsaturated HBI triene 22 in phytoplankton 704 
samples from the Antarctic (Rontani et al., 2019a). More generally, however, the impact of 705 
abiotic degradation on alkenones and HBIs on their use as proxies for palaeo SST and sea ice 706 
reconstructions, respectively, remains largely unknown and is in need of further investigation. 707 
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Fig. 1. Reactions of the excited triplet sensitizer. 1149 
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Fig. 2. Behaviour of the excited singlet state of chlorophyll in healthy (A) and senescent (B) 1151 
cells of phytoplankton (simplified schemes taking into account only the involvement of 1152 
singlet oxygen). 1153 
  1154 
Fig. 3. Type II photosensitized oxidation of the chlorophyll phytyl side-chain (1) and 1155 
subsequent NaBH4 reduction and alkaline hydrolysis of the resulting hydroperoxides. 1156 
 1157 
Fig. 4. Structures of loliolide (4) and iso-loliolide (5). 1158 
 1159 
Fig. 5. Type II photosensitized oxidation of 5-sterols and subsequent NaBH4 reduction of the 1160 
resulting 6-hydroperoxides. 1161 
 1162 
Fig. 6. Type II photosensitized oxidation of MUFAs and subsequent NaBH4 reduction of the 1163 
resulting hydroperoxides. 1164 
 1165 
Fig. 7. Structures of HBI alkenes 19–24. 1166 
 1167 
Fig. 8. Type II photosensitized oxidation of HBI trienes 22 and 23 and subsequent NaBH4 1168 
reduction of the resulting hydroperoxides. 1169 
 1170 
Fig. 9. Type II photosensitized oxidation and autoxidation of vitamin E (13).  1171 
 1172 
Fig. 10. Induction of autoxidation processes in senescent phytoplanktonic cells. 1173 
 1174 
Fig. 11. Structures of 13
2
-hydroxychlorophyll a (43) and 13
2
-methoxychlorophyll a (44). 1175 
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 1176 
Fig. 12. Autoxidation of chlorophyll phytyl side-chain (1) and subsequent NaBH4 reduction 1177 
and alkaline hydrolysis of the resulting hydroperoxides. 1178 
 1179 
Fig. 13. Autoxidation of 5-sterols and degradation of the oxidation products formed during 1180 
the treatment. 1181 
 1182 
Fig. 14. Autoxidation of MUFAs and subsequent NaBH4 reduction of the resulting 1183 
hydroperoxides. 1184 
 1185 
Fig. 15. Autoxidation of the 8 double bond of C37:3 alkenone and subsequent NaBH4 1186 
reduction of the resulting hydroperoxides. 1187 
 1188 
Fig. 16. Autoxidation of IP25 (19) and subsequent NaBH4 reduction of the resulting 1189 
hydroperoxides. 1190 
 1191 
Fig. 17. Autoxidation of IPSO25 (20) and subsequent NaBH4 reduction of the resulting 1192 
hydroperoxides. 1193 
 1194 
Fig. 18. Autoxidation of HBI trienes 22 and 23 and subsequent NaBH4 reduction of the 1195 
resulting hydroperoxides. 1196 
 1197 
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Figure 18
Table 1 
Previous detection of algal lipid auto- and photooxidation products in natural samples. 
 
Parent lipid 
 
 
Autoxidation 
tracers 
 
 
Photooxidation 
tracers 
 
Sample type 
 
Location 
 
Autoxidation: 
Quantitative (Q) 
or qualitative (q) 
information 
 
 
Photooxidation: 
Quantitative (Q) 
or qualitative (q) 
information 
 
 
References 
 
Alkenones 
 
+ 
  
Emiliania huxleyi  
  
q 
 
 
 
Rontani et al., 2007a, 2013 
 +  Sediments Southeast Alaska q  Rontani et al., 2013 
 +  Sinking particles Ligurian Sea q  Rontani et al., 2007c 
        
Chlorophyll  + Sinking particles Ligurian Sea  Q (10–100%) Cuny et al., 2002; Marchand 
et al., 2005 
  + Suspended particles Rhône River  Q (0–100%) Galeron et al., 2015 
  + Suspended particles Pacific Ocean  Q (20–70%) Rontani et al., 2011 
  + Sinking particles Pacific Ocean  Q (50–90%) Rontani et al., 2011 
  + Suspended particles Arctic  Q (0–50%) Rontani et al., 2016 
   Sinking particles Arctic  Q (0–100%) Rontani et al., 2012a, 2016 
  + Suspended particles Antarctic  Q (3–50%) Rontani et al., 2019a 
 + + Sea ice Arctic q Q (30–100%) Rontani et al., 2014b 
 + + Posidonia oceanica Marseilles, France q Q (20%) Rontani, 2019; Rontani and 
Galeron, 2016 
  + Terrestrial higher 
plants 
Marseilles, France  Q (100%) Rontani, 2019 
 +  Microbial mats Camargue, France q  Rontani and Volkman, 2005 
 +  Phytoplankton Antarctic q  Rontani et al., 2014a 
        
5-sterols  + Sinking particles Ligurian Sea  Q (0–30%) Christodoulou et al., 2009 
 + + Suspended particles Rhône River Q (10–90%) Q (0–15%) Galeron et al., 2015 
 + + Suspended particles Pacific Ocean Q (0–30%) Q (0–10%) Rontani et al., 2011 
 + + Sinking particles Pacific Ocean Q (0–30%) Q (0–10%) Rontani et al., 2011 
 + + Sinking particles Arctic Q (0–20%) Q (0–50%) Rontani et al., 2012a, 2016 
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 + + Suspended particles Arctic Q (10–85%) Q (0–30%) Rontani et al., 2014d 
  + Suspended particles Antarctic  Q (0–30%) Rontani et al., 2019a 
 + + Sea ice Arctic Q (0–50%) Q (0–20%) Rontani et al., 2014b 
 + + Surface sediments Arctic Q (0–60%) Q (0–40%) Rontani et al., 2012b 
  + Zostera noltii Arcachon, France  Q (100%) Rontani et al., 2014c 
  + Posidonia oceanica Marseilles, France  Q (70%) Rontani, 2019 
  + Terrestrial higher 
plants 
Marseilles, France  Q (30–50%) Rontani, 2019 
        
MUFAs + + Sinking particles Ligurian Sea Q (0–50%) Q (0–10%) Marchand et al., 2005 
 + + Suspended particles Pacific Ocean Q (0–11%) Q (0–15%) Rontani et al., 2011 
 + + Sinking particles Pacific Ocean Q (0–5%) Q (0–15%) Rontani et al., 2011 
 + + Sinking particles Arctic Q (0–70%) Q (50–100%) Rontani et al., 2012a; 2016 
 + + Suspended particles Arctic Q (10–70%) Q (5–50%) Rontani et al., 2016 
 + + Suspended particles Antarctic Q (0–90%) Q (0–85%) Rontani et al., 2019a 
 + + Surface sediments Arctic Q (0–2%) Q (0–5%) Rontani et al., 2012b 
        
        
HBI alkenes + + Sea ice Arctic q q Rontani et al., 2014a 
 + + Suspended particles Antarctic q q Rontani et al., 2019a 
 +  Sediments Arctic q q Rontani et al., 2018; Rontani 
et al., 2019b 
 + + Sympagic diatoms  q q Rontani et al., 2011, 2014d 
        
Vitamin E + + Sinking particles Ligurian Sea q q Rontani et al., 2007b 
 + + Microbial mats Camargue, France q q Rontani and Volkman, 2005 
 + 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Haptophytes 
Sediments 
Sediments 
Soils 
 
 
Arctic 
German Bight 
The Netherlands 
 
q 
q 
q 
q 
q 
q 
q 
q 
Nassiry et al., 2009 
Belicka et al., 2002 
Schwartzbauer et al., 2000 
Morley et al., 2005 
 
Table 2 
Rate constants for reaction of 
1
O2 with isolated acyclic double bonds in solvents. 
 
 
Substrate 
 
 
k (mol
-1
 s
-1
) 
 
References 
 
 
 
 
2.2 × 10
7
 
 
Hurst et al. (1985) 
 
 
7.2 × 10
5
 Hurst et al. (1985) 
 
 
4.8 × 10
4
 Hurst et al. (1985) 
 
 
 
7.2 × 10
3
 
 
Hurst et al. (1985) 
 
 
 
 
4.0 × 10
3
 
 
Hurst et al. (1985) 
 
 
2.3 × 10
2
 Kopecky and Reich, 1965 
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Table 3 
 
Comparison of photodegradation rates of HBI alkenes and other common lipids in pyridine in 
the presence of hematoporphyrin as sensitizer (adapted from Rontani et al., 2011, 2014a). 
 
 
Compound 
 
Code 
 
1
st
 order degradation 
 rate constant 
k (KJ
-1
 m
2
) 
 
 
C25:1 HBI (23-24)
a
 (IP25) 
 
19 
 
1.7 × 10
-5
 
C25:2 HBI (6-17, 23-24) (IPSO25) 20 1.1 × 10
-4
 
C25:3 HBI (6-17, 9-10
b
, 23-24) 21 1.6 × 10
-2
 
C25:3 HBI (9-10(Z), 7-20, 23-24) 22 1.0 × 10
-2
 
C25:3 HBI (9-10(E), 7-20, 23-24) 23 1.2 × 10
-2
 
C25:3 HBI (5-6, 9-10, 23-24) 24 3.5 × 10
-2
 
C25:4 HBI (6-17, 9-10, 13-14, 23-24) 25 3.7 × 10
-2
 
C25:4 HBI (7-20, 9-10(Z), 13-14, 23-24) 26 4.2 × 10
-2
 
C25:4 HBI (7-20, 9-10(E), 13-14, 23-24) 27 4.7 × 10
-2
 
C25:4 HBI (2-3, 7-20, 9-10(Z), 23-24) 28 4.3 × 10
-2
 
C25:4 HBI (2-3, 7-20, 9-10(E), 23-24) 29 5.1 × 10
-2
 
Methyl oleate 30 1.2 × 10
-3
 
Phytyl acetate 31 1.0 × 10
-3
 
Cholesteryl acetate 32 3.0 × 10
-4
 
Vitamin E 
 
13 
 
1.9 × 10
-2
 
a
 Double bond positions (for carbon numbering see Fig. 6); 
b
 trisubstituted double bonds indicated 
in bold. 
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Table 4 
 
Half-life doses (D1/2) for visible light-dependent degradation of lipidic components in 
senescent phytoplanktonic cells
*
. 
 
 
Compound 
 
 
D1/2 (Ein m
-2
) 
 
 
Chlorophyll a 
 
1–41-3 
Chlorophyll b 3–61,2 
-Carotene 1–22 
Sterols 8–644–6 
Phytol 4–241–4 
Mono-unsaturated fatty acids 14–234 
Di-unsaturated fatty acids 5–124 
Tri-unsaturated fatty acids 1–24,8 
Di-unsaturated n-alkenes
#
 
Tri-unsaturated n-alkenes
#
 
Tetra-unsaturated n-alkenes
#
 
C37:2 Alkenone 
C37:3 Alkenone 
C25:3 HBI with one trisubstituted double bond 
IP25  
10–3427 
7–167 
27 
3466 
2316 
                                    5
8 
950
§
 
 
 
1 Cuny et al., 1999                       4 Rontani et al., 1998                7 Mouzdahir et al., 2001 
2 Nelson, 1993                             5 Rontani et al., 1997a              
8
 Rontani et al., 2011           
3 Rontani et al., 1995                   6 Rontani et al., 1997b 
*
 Senescence obtained after several freeze-thaw cycles inducing some disruption of cellular 
structures (Nelson, 1993). 
#
 With cis double bonds. 
§
 Estimated from relative photodegradation rate constants of IP25 and C25:3 HBI in solvents 
(Rontani et al., 2011) 
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Table 5 
 
Comparison of autoxidation rates of HBI alkenes and other common lipids in hexane in the 
presence of tert-butyl hydroperoxide and di-tert-butyl nitroxide at 65 °C under darkness (adapted 
from Rontani et al., 2014a). 
 
 
Compound 
 
Code 
 
1
st
 order degradation 
 rate constant 
k (h
-1
) 
 
 
C25:1 HBI (23-24)
a
 (IP25) 
 
19 
 
1.0 × 10
-3
 
C25:2 HBI (6-17, 23-24) (IPSO25) 20 4.0 × 10
-3
 
C25:3 HBI (6-17, 9-10
b
, 23-24) 21 2.9 × 10
-2
 
C25:3 HBI (9-10(Z), 7-20, 23-24)
c 22 3.2 × 10
-1
 
C25:3 HBI (9-10(E), 7-20, 23-24)
c
 23 4.0 × 10
-1
 
C25:4 HBI (6-17, 9-10, 13-14, 23-24) 25 6.7 × 10
-2
 
Methyl oleate 30 3.6 × 10
-2
 
Phytyl acetate 31 2.1 × 10
-2
 
Cholesteryl acetate 
 
32 5.7 × 10
-2
 
 
a
 Double bond positions (for carbon numbering see Fig. 7); 
b
 trisubstituted double bonds indicated 
in bold; 
c
 presence of a bis-allylic position. 
Table 5
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Answers to the reviewer and Editor comments 
- Reviewer 1: 
- Comment 1: What is lacking from the organic geochemistry sense is a better overview of the 
utility of specific oxidation products in natural samples, either in a schematic diagram or a 
summary table compiling in an organized manner the relevant lipid classes and those products 
which have (and have not) been found in specific locations or types of natural samples.  The 
Summary section as it now stands is really not adequate.  Throughout the text there are 
statements like (line 191) "Further, the molar ratio phytyldiol:phytol (Chlorophyll Phytyl side-
chain Photodegradation Index, CPPI) has been proposed to estimate the extent of 
photodegraded chlorophyll in natural marine samples using the empirical Eqn. 1 (Cuny et al. 
2002), Chlorophyll photodegradation % = (1-(CPPI + 1)) × 100 (Eqn. 1)".  So without having 
to look up this reference, unless the reader is vitally interested in the specifics (that's what a 
review is supposed to do), what natural samples?  From where?  What were the CPPI's and 
what did they indicate - Specifically!  Same with the sterol photooxidation % equation.  And 
what is really the relevance of the four MUFA degradation equations (equations 5-8).  Are 
there some data for natural samples that further utilize these equations? And again, at line 
495: "Compounds 46-49, which are widespread in the marine environment, therefore 
constitute useful and specific tracers of chlorophyll autoxidation. At line 586, are their 
geochemical examples of "Compounds 51-55 have thus been proposed as potential tracers of 
IP25 autoxidation"?  
 
- Answer:   As suggested by the reviewer, a new table was added (now Table 1) to summarize 
the numerous previous reports of the different lipid oxidation products in natural samples. The 
nature and the location of the different samples was indicated. We also added the information 
given by these tracers (qualitative or quantitative) and in the last case the range of oxidation 
percentages observed. Some text was also added in section 2 (see lines 86-96) and in the 
sections concerning chlorophyll, sterols and MUFAS (see lines 202-206, 252-268, 289-292, 
523-526, 539-545 and 559-572) to discuss the implication of these results and the potential 
geochemical applications of the tracers described. 
  
- Comment 2: Line 209 - are loliolide (4) and iso-loliolide (5) structures given somewhere? 
*Response to Reviewers
- Answer: A new figure (Fig. 4) was added to show the structure of these two compounds. 
- Comment 3: Also around line, how about compounds 21 and 24? 
- Answer: The sentence was modified and now includes these compounds (see lines 365-366). 
- Comment 4: And compounds are listed (e.g., 30, 31, 32) that only show up in the codes in 
Tables 2 and 4, which presumably are lifted from the cited publications ??). 
- Answer: We think that it is not necessary to show the structure of methyl oleate, cholesteryl 
acetate and phytyl acetate.  
- Comment 5:  Line 282 - is the Uk37 equation really necessary at this point? 
- Answer: We think that this well-known equation could be useful for non palaeoceanograph 
readers to understand why we studied the selectivity of oxidation processes towards C37:2 and 
C37:3 alkenones. 
- Comment 6: Line 370 refers to Table 2, but later line 416 refers to Table 1.  Line 571 - is 
this really referring to Fig 6? 
- Answer: The table and figure numberings were changed (due to the inclusion of the new 
Table 1 and Fig. 4) and checked in the text.  
- Reviewer 2: 
No comments. 
- Associated editor: 
 - Comment 1: The relation to the (bio)geochemical context needs more discussion. 
Applications (or at least the most promising ones) have to be described in a dedicated section 
(alternatively section 2 may be used as a base for this) and in a way that the reader grasp the 
problem/use/challenge and does not have to read most of the secondary literature first. 
- Answer: Some text was also added in section 2 (see lines 86-96) to discuss the potential 
geochemical applications of the tracers described. 
- Comment 2: Please provide an overview figure (and likely a table) with the 
photo/autooxidized lipids/lipid classes and reference specific locations and/or sample types 
where these have been identified BEFORE jumping into all of the specific oxidation 
reactions. 
- Answer: As requested, we added a new table (Table 1) summarizing the numerous previous 
reports of the different lipid oxidation products in natural samples. See answer to the 
comment 1 of reviewer 1. 
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